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ABSTRACT 
EFFECT OF ULTRASONICATION ON BIOFILM FORMING ABILITY OF 
COMMON DAIRY SPOREFORMERS 
TAGHREED ALMALKI 
2017 
Sporeformers are common dairy contaminants, which are of a great concern to the 
dairy industry. Quality of dairy products is affected by these sporeformers such as 
Bacillus species, which are a significant cause of spoilage of dairy products. Thermal 
processes such as pasteurization have been used to inactivate pathogens, but some of the 
sporeformers and their endospores are resistant to such heat treatments. Beside thermal 
treatments, various new approaches are being developed to improve the quality of dairy 
products. Amongst these, ultrasonication is a promising non-thermal technique for the 
inactivation of thermoduric sporeformers and their endospores. Current study was carried 
out using ultrasonication as a non-thermal technique to evaluate its effect on biofilm 
forming ability, injured cells recovery, zeta potential and hydrophobicity of common 
dairy sporeformers. Three different bacteria, Geobacillus stearothermophilus 
(ATCCâ15952), Bacillus licheniformis (ATCCâ 6634), and Bacillus sporothermodurans 
(DSM 10599) were selected for this study based on our previous experiments. Skim milk 
was inoculated with a specific amount of spores or vegetative cells followed by 
ultrasonication for 10 min at 80% amplitude in an ice bath. The ultrasonicated cells were 
tested for the properties as outlined above. Based on the results, ultrasonication was 
observed to affect the ability of biofilm formation on stainless steel surfaces of all three 
sporeformers. Bacillus sporothermodurans formed the significantly higher biofilms, 
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while Geobacillus stearothermophilus formed the least biofilms. In addition, a greater 
attachment was observed for B. sporothermodurans as supported by the highest 
hydrophobicity with least zeta potential among the three bacteria. On the other hand, G. 
stearothermophilus was found to attach less with least hydrophobicity and highest zeta 
potential. Overall, a positive relationship was found between attachment and 
hydrophobicity, when hydrophobicity increased, the capability of spores to attach 
stainless steel surfaces also increased. In addition, it was observed that injured cells were 
capable to regain and recover under favorable conditions, within as short as 4 hours. The 
results thus indicate that post-ultrasonication, the injured cells can recover, and replicate 
under favorable conditions to form biofilms. 
CHAPTER 1 
INTRODUCTION AND BACKGROUND INFORMATION 
 TAGHREED ALMALKI 
1.1 Introduction 
Sporeformers and spores are ubiquitous in dairy plant facilities, which may lead to 
undesirable odors and flavors, and may also cause various spoilage problems in milk and 
milk products such as sweet curdling, off flavor, flat sour, and bitty cream (Heyndrickx 
and Scheldeman, 2002, Burgess et al., 2010) 
Among the spore formers, Bacillus and its related species are the main Gram-positive 
aerobic microorganisms of concern. These bacilli are responsible for flat sour defect in 
evaporated milk and ropiness in milk and cream. These microorganisms are capable of 
forming biofilms and attach to different types of surfaces. When attachment accrues in 
dairy plant, it may lead to cross contamination of milk products during manufacturing 
(Chmielewski and Frank, 2003). Controlling thermoduric sporeformers in milk 
processing has been an essential priority to prevent the contamination of dairy products. 
Several techniques have been applied in dairy manufacturing to control biofilms such as 
surface modifications, which helps to avoid biofilm formation, using antimicrobial agents 
to clean the surfaces, CIP cleaning, and using cleaners can help control biofilm (Bower et 
al., 1996). 
 Moreover, cleaning-in-place (CIP) processes are particularly important. These are 
also essential to protect dairy equipment from mechanical blockages and failures. 
Additional approaches to reduce cells adhesion in dairy facilities, such as use of enzymes, 
1
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have also been recorded. Some of the biofilms are not removed by enzyme alone, and 
need to be mixed with other detergents to enhance the performance (Tachikawa and 
Yamanaka, 2014).  In addition, sanitization was used to remove biofilm using ozone and 
hydrogen peroxide solution (Simoes et al., 2010). A combination of a non-thermal 
technique and a thermal technique such as ultrasonication and pasteurization was used to 
reduce biofilm forming bacteria (Piyasena et al., 2003) 
Heat treatment such as pasteurization and ultra-high temperature treatment commonly 
have been used in dairy industry for a long time to eliminate pathogens and reduce 
microbial counts but they cannot affect all thermoduric spore formers and their spores. 
Many researchers (Earnshaw et al., 1995) have studied the effect of non-thermal 
processes, combining them with heat treatment such as ultrasonication and pasteurization. 
These techniques affect the cell membrane and may injure the cells. When this process is 
followed by heat treatment, it is easier to eliminate the thermoduric spore forming 
bacteria in dairy products. Some other non-thermal techniques were tested for their effect 
on microbial reduction in milk and milk products such as bactofugation, pulse electric 
field, cavitation, high pressure processing, microfiltration, and non-thermal plasma 
(Tahiri et al., 2006). 
Ultrasonication is one of the possible techniques that could inactivate microbial 
counts in a short duration (Raso et al., 1998). Ultrasound application could be categorized 
by waves that can make physical, or chemical alteration of the material characteristics 
(Chouliara et al., 2010). High-intensity, low frequency ultrasound technology has been 
mainly applied for a long time in food processing due to its promising effects. 
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1.1.1. Hypotheses 
In the present study it is hypothesized that using ultrasonication would be effective to 
reduce and inactivate thermoduric spore formers by alteration of their physical structures 
without affecting the milk properties. Additionally, it is hypothesized that ultrasonication 
would be effective to reduce the biofilm forming ability of spore formers and endospore 
attachment on stainless steel surfaces. 
1.1.1. Objectives 
The main aim of this research was to evaluate the effectiveness of low frequency 
ultrasonication treatment against thermoduric spore formers and their spores in skim 
milk. To accomplish this, the research envisaged the following objectives: 
1.1.1.1. To evaluate the effect of ultrasonication on the survival and biofilm forming 
ability of common sporeformers 
1.1.1.2. To study the attachment, hydrophobicity and zeta potential of ultrasonicated 
endospores. 
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Review of literature 
 
Common dairy spore formers 
Spore forming bacteria are categorized by their preference for growth temperature 
and their ability to survive with or without oxygen. Thermophilic refers to the category of 
spore forming bacteria that require high temperatures to thrive, however mesophilic 
bacteria prefer moderate temperature and those that tolerate cold or low temperatures are 
known as psychrotolerant. In addition, the spore forming bacteria that require oxygen to 
grow are known as aerobic, whereas those prefer absence of oxygen are known as 
anaerobic. Spore formers have been found in the dairy manufacturing environment and 
most of them belong to genera Bacillus and Clostridium and their spores. In addition, 
Bacillus, Geobacillus, and Clostridium are gram-positive spore formers that have been 
broadly studied for their resistance to heat treatment. They can grow at diverse 
temperatures and survive extreme high or low temperature.  
 
Significance of spore formers and endospores in milk and dairy products 
A variety of spore forming bacteria can survive and grow in milk and milk 
products because milk contains all fundamental nutrition that spore formers require to 
survive (Boor and Murphy, 2002). Spore formers, including psychrophilic and 
mesophilic, have the tendency to grow at wide storage temperatures, in most of dairy 
products (Ingraham and Stokes, 1959). Many of these organisms may be thermoduric 
thermophiles; hence, they survive heat treatments such as pasteurization or high 
temperature pasteurization, and ultra-heat treatment. Many of them are also anaerobic 
and can cause foods spoilage when the environment is favorable. Thermophilic anaerobic 
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microorganisms may also serve as a contamination source in dairy manufacturing and as 
they are capable of surviving heat treatments such as pasteurization so, they can grow and 
thrive even at elevated temperature. Such organisms have the ability to grow at the 
storage temperature of many dairy products and may cause a greater spoilage than the 
obligate thermophiles or mesophiles. The presence of thermophilic microorganisms in 
dairy products is also an indicator of hygiene deficiency (Butgess et al., 2010). 
Additionally, thermophiles are potential spoilage organisms that produce enzymes such 
as lipase, protease, and amylase, which lead to undesirable flavors in the finished product 
and may also produce food-borne illnesses (Canganella and Wiegel, 2014) 
Spoilage potential of thermophilic bacilli  
Thermophilic spore formers produce acids and heat resistance enzymes such as 
proteinases and lipases that may be present in the products.  In fact, G. 
stearothermophilus is the main cause of flat sour spoilage, which has been reported in 
canned foods such as evaporated milk (Kalogridou-Vassiliadou, 1992). In addition, B. 
licheniformis has the ability to produce extracellular substances, which threaten the 
quality of pasteurized dairy products (Gilmour and Rowe, 1990). In addition, B. subtilis 
can spoil canned milk products and cause ropiness in pasteurized and raw milk 
(Heyndrickx and Scheldeman, 2002). However, B. coagulans is implicated more often in 
canned foods and cause flat sour spoilage (Gilmour and Rowe, 1990). 
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Heat-resistance of spore formers 
Spore formers are the primary cause of food contamination in dairy industry. 
Spores are more heat resistant as compared to vegetative cells. These spores may survive 
for a hundred years but they may lose their properties after thermal treatment (Vreeland 
et al., 2000). Spore inactivation requires high temperature and long time and that affects 
the nutritional and organoleptic quality of food products (Oomes et al., 2007). Heat 
adaption, mineral content and protoplast dehydration are the primary factors that increase 
the resistant of sporeformers (Beaman et al., 1982). However, many investigations have 
reported that increasing the heating temperature of spores produces higher amount of 
spores as compared to the optimum temperature treatments (Beaman and Gerhardt, 
1986).  
Sources of contamination  
Previous studies have reported the incidence of Bacillus species in dairy products 
such as raw milk and pasteurized milk, advocating that raw milk is an excellent medium 
for the growth of sporeformers  (Huck et al., 2007). Feed concentrate, silage, bedding, 
faces, soil, clusters, teat cups, filter cloths have been found to be contaminated with spore 
formers (Vaerewijck et al., 2001). Dairy industry environment can also serve as a source 
of spore formers that may lead to cross-contamination because of their resistance against 
heat treatments  (Lin et al., 1989). 
Another study also indicated the incidence of spore formers especially in 
pasteurized samples proposing the risk of in-plant sources of contamination for these 
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spoilage bacteria (Huck et al., 2007b). Bacillus species such as B. stearothermophilus, B. 
coagulans, B. cereus, and B. licheniformis were found to have more persistence in the 
dairy industry due to their attachment characteristic (Faille et al., 2001).  Spore formers 
accumulate in pipelines, dairy equipment and surfaces, and then form biofilms and lead 
to cross contamination (Andersson et al., 1998)).   
Control of spore formers and spores in milk 
Several approaches have been applied to delay or remove the biofilm formation in 
dairy manufacturing environment. However, even some novel cleaning methods do not 
work effectively and solve the biofilm issue properly. To improve the control procedures, 
biofilm structure and related spores in dairy facilities need to be understood more. There 
are some food protection procedure that can be used in dairy plants to reduce the risk of 
biofilms such as heating, refrigeration and adding antimicrobial compounds, but these 
procedures are also linked to adverse changes in organoleptic characteristics and loss of 
nutrients of milk and dairy products. One of the common ways that is used in dairy plants 
to control thermophilic bacilli and their biofilm growth is reducing the production length. 
However, it also causes an increase in the cleaning frequency, use of sanitizers, and 
reduces the availability of contaminated equipment surfaces for processing purposes.  
In another study, reducing the time of milk processing operations to 6–8 h has 
shown a great reduction in the counts of thermophilic bacteria, which are present in 
centrifugal separators that are used for cream separation (Cairns et al., 2012). Cleaning in 
place protocol (CIP) is usually followed to clean the wet sections of dairy equipment after 
every production cycle, which requires hot water rinse, caustic wash followed by a water 
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rinse, then, nitric acid wash, and finally using water to wash (Bylund, 1995). However, 
microbial population may remain on the surface even after using CIP treatment, while the 
surface may visibly look clean (Bylund, 1995). The caustic and nitric acid wash are 
applied in dairy plant to clean and detach organic and inorganic material.  
Physical methods for reducing sporeformers 
Several physical methods have been used in dairy production facilities to remove 
heat resistant spore formers. For example, bactofugation is used to reduce bacteria and 
spores in milk using a centrifugal separation mechanism and it showed its effectiveness 
against sporeformers in milk and milk products. The principle of bactofugation is based 
on separation by centrifugation to eliminate bacteria and spores from milk to a large 
extent prior to thermal treatment at a temperature of 60°C (Farkas and Hoover, 2000). It 
can be fitted on raw milk or on the skim line in conjunction with high temperature 
treatment of the cream. The obtained result after this treatment was a clean product with 
longer shelf life and a good quality of milk powder and cheese. Generally, 98-99.5% 
reduction of incoming level of bacteria and spores could be achieved by using this 
treatment.  
Also, microfiltration (MF) using membranes has been developed for reducing 
bacterial counts in fluid milk. It is a physical separation technique which depend on the 
pressure and to get rid of the dissolved particles from the solution to a lower level than 
Nano-filtration and Reverse Osmosis (Li et al., 2007). The extent to which dissolved 
solids, turbidity and microorganisms are removed is determined by the size of the pores 
in the membranes (Bellona and Drewes, 2005). Membrane filtration is an effective 
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technique to separate bacteria, and it doesn’t cause any damage or change in milk 
properties (Villamiel et al., 2009). This method requires filters with pore size of about 
0.1µm and it could reduce bacteria and spores without damaging any milk properties. 
Although, it is easier to remove molecules that are larger than the pores size of the 
membrane but molecules that are smaller than the pores size sometimes could be 
removed based on the membrane structure. Membrane filtration is also used in biological 
wastewater treatment but water must be pre-filtered before starting the process in order to 
protect the membranes from any damages or plugs. In the pre-filtration process, the pores 
size should be between 0.5 and 1.0 mm based on the constitutes of the wastewater. 
However, when MF or ultrafiltration is already applied, there is no need for pre-
treatment. There are also huge markets for MF crossflow filtration in milk and usually 
MF procedures come in a diversity of configurations. 
Thermal methods for reducing spore formers 
The primary objective to apply heat processes in dairy plants is to reduce 
microbial count and inactivate sporeformers. For example, pasteurization is one of the 
most common thermal treatment to eliminate pathogenic bacteria and inactivate 
sporeformers in milk and dairy products. However, spores are heat resistant and they can 
survive pasteurization so, some of them can’t be inactivated by pasteurization alone. 
Also, ultra-pasteurization and UHT sterilization have been used in dairy manufacturing to 
reduce heat resistant bacterial load in milk. These treatments are applied at 120-63°C for 
2 seconds, and 138-150°C for 1 or 2 seconds, respectively. One the other hand, previous 
studies have also reported some spoilage issues for UHT in treated milk. This occurred 
	 10	
due to the presence of B. sporothermodurans that produces highly heat resistant spores. 
High Temperature Short Time (HTST) pasteurization is a common technique for 
pasteurization of milk in the United States that uses heat exchangers in order to rise the 
temperature up to 161℉ for 15 seconds, followed by cooling to 39.2℉. The results of heat 
treatments appear in the final products with longer shelf life but thermal treatment at 
intense temperatures are not recommended to treat milk products due to some changes in 
milk sensory characteristics such as flavor defects or unwanted color and loss of the milk 
composition. This issue made many dairy industries to find other alternative ways to treat 
dairy products and evaluate of their influences on the products. 
Non thermal methods for reducing spore formers 
High pressure processing (HPP) is used to describe the processing of solid or 
liquid foods by exposing them to pressure between 100 and 1000 MPa, while the 
temperature can be adjusted below 0°C to higher than 100°C (Farkas and Hoover, 2008). 
Sometimes the temperature reached up to 60-80°C for 30 min if the spores were to be 
inactivated. This process is effective in microorganism inactivation at a pressure of 180 
MPa by destroying the membrane and making extent liquid loss during pasteurization. 
However, at greater than 300 MPa, the inactivation of enzymes and protein coagulation 
starts (Lado and Yousef, 2002). High pressure processing could be combined with other 
treatment against spores in different media. For example, Scurrah et al., (2006) combined 
heat treatment at 121°C temperature for 1 min with 700 MPa pressure, and they found 
that this combination could reduce spores around 7-8 logs. Overall, combination of 
thermal and non- thermal process together showed improved results. 
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In addition, other non-thermal techniques such as pulsed electric field (PEF) have 
been used to inactivate or reduce microorganisms in food processing. The principle of 
pulsed electric field works on pulsing power delivered to the product placed between a 
set of electrodes confining the treatment gap of the PEF chamber. It has been 
recommended for the pasteurized fluids without using additives. Various studies were 
done to evaluate the effect of PEF on vegetative cells and it is applied in food industries 
to inactivate microorganisms in liquid food. Previous researchers (Qin et al., 1998) 
studied the shelf life of skim milk (0.2% milk fat) after treated at 40 kV per cm, 30 pulses 
and 2 µs pulse using exponential decaying pulses. He found that the shelf life of treated 
milk followed by PEF treatment has increased up to 22 days during low temperature. In 
addition, homogenized milk inoculated with Salmonella Dublin was treated with 36.7 
kV/cm and 40 pulses for 25 minutes to examine the shelf life. After PEF treatment, 
Salmonella Dublin was not found in the inoculated milk (Dunn and Pearlman, 1987). 
Although, this treatment didn’t show any alteration in physical and chemical of the milk 
properties, it showed reduced flavor (Dunn, 2001). 
Ultrasonication for reducing spore formers 
Ultrasound is a form of energy produced by sound and waves of frequencies 
that are above the human hearing, i.e. above 16 kHz (Jayasooriya et al., 2004). 
Ultrasonics is broadly used in food industry for food modification and analysis purposes. 
The sound ranges employed can be divided into high frequency, low energy diagnostic 
ultrasound and low frequency, high energy power ultrasound. High energy power 
ultrasound is typically known as a non-destructive analytical technique for quality safety 
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and process control with specific reference to the products composition, structure and 
physical state of foods. Currently, power ultrasound is an emerging and promising 
technology for food manufacturing industries. The use of ultrasound in manufacturing 
industries builds innovative and interesting methodologies which are associated with 
standard techniques (Dickson et al., 2009). Various areas have been identified with great 
potential for future development: crystallisation, degassing, drying, extraction, filtration, 
freezing, homogenization, meat tenderization, sterilization, etc.  There is a wide range for 
additional research regarding the ultrasound technique in food manufacturing both from 
an industrial and academic field. 
 
The application of low frequency, high intensity ultrasonication, which has been 
used in this research can be performed by two approaches; sonicator bath and probe 
(Santos and Capelo, 2007). Sonicator bath is a tank full with fluid liquid that has a 
transducer located in it, that allows the waves transfer to the sample. Whereas, the probe 
type sonicator is dipped into the sample, which allows a direct passing for the waves to 
the specimen sample. Between these two approaches, probe type sonicator is most 
preferred one to be used in researches due to the fact that it delivers 100 times more 
intensity comparing to bath sonicator (Park and Robinson, 1984).  
 
The main reason for using ultrasonication on microorganism is cavitation. 
Cavitation occurs when high intensity ultrasound waves go through the organism causing 
cycles of compression and expansion that result in creating bubbles to absorb the energy 
from the waves. There are two types of cavitation; namely internal (transient) and non-
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internal (stable) cavitation (Castillo, 1994). In internal cavitation, bubbles form quickly 
where they can collapse, expand or contract by the amount of high amplitude pulsation. 
Unlike internal cavitation, bubbles that from in non-internal cavitation never collapsed. 
Both of these types of cavitation can be controlled by adjusting the ultrasonication factors 
such as power, pulse, temperature, frequency etc. Ultrasound, when applied into 
biological structure, produces compressions and depressions of the liquid molecule and a 
high amount of energy can be generated. In reliance of the pulses used and the sound 
wave capacity engage, majority of physical and chemical effects can be detected, which 
empower the usage of many application (Got et al. 1999, Knorr et al. 2004). 
Ultrasonication has also been known for its effectiveness in the dairy industry for 
equipment cleaning, homogenization and changing the dairy products structural and 
properties. Although it has been known for its equivalence to the thermal processes 
abilities, there is rare information on its effectiveness on the milk constituents. 
Ultrasonication also has an advantage over thermal processes due to its ability of 
reducing time-temperature combinations for processes, which help sustaining the product 
characteristics. 
Biofilm formation and attachment to contact surfaces 
Biofilms are aggregation of organic and inorganic composites with bacteria 
embedded within biofilms that produce extracellular polymeric matrix, colonize and 
adhere to most contact surfaces in dairy plants. Biofilms can accumulate with time and 
cause strong layers that are irreversibly attached to the contact surfaces (Bredholt et al., 
1999). In food processing plants, biofilm formation can easily occur when high protein 
residues are existing. In dairy plants, it has been known that whey protein contributes to 
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increase the adhesion of milk associated bacteria (Flint et al., 1997). Biofilm formation 
can occur as early as an hour, and make irreversible layers after eight hours that become 
strongly attached to the surfaces. Presence of biofilms in food facilities affect the quality 
and safety of the product (Flint et al., 1997). Biofilm presence is generally higher on solid 
contact  surfaces compared to surrounding solution (Zobell, 1943). Biofilm development 
is also connected with all surfaces in dairy plants, which lead to cross contamination 
(Joseph et al., 2001) 
Bacterial biofilms in the food processing industry  
Foods get contaminated when they are exposed to contaminated surfaces or 
handled with dirty tools and devices, which may harbor biofilms. Extracellular 
polysaccharides play a significant role in the first stage of biofilm adherence and 
producing a firm attachment to contact surfaces (Yaron and Römling, 2014). Previous 
studies have reported that cells in biofilm could resist cleaning agent and antibiotics more 
than planktonic cells (Spoering and Lewis, 2001). Bacteria usually take around 12 
minutes to adhere to surfaces thus forming biofilm or disengage and convert to 
planktonic stage again (Austin & Bergeron, 1995). Biofilms have been found in many 
surfaces, splits, processing devices, pipes and conveyors. Many studies have been 
conducted to detect biofilm formation on diverse surfaces, which are utilized in dairy 
manufacturing plants such as stainless steel, rubber, nylon, polyester and glass (Davey 
and O'toole, 2000). Biofilm layers also showed their persistence against a number of 
disinfectant and cleaning agent that are commonly used in food plant facilities (Wong, 
1998). When biofilms are developed, embedded microorganisms can survive for a long 
time while the favorable conditions are available such as nutrients, temperatures, 
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moisture, and adherence surfaces (Austin and Bergeron, 1995). For example biofilm 
attachment occurs in milk cooling and storage tanks, plate heat exchangers, stirrers and 
packing products (Carpentier and Cerf, 1993). 
Methods for studying biofilm formation  
Several methodologies have been standardized to evaluate the biofilm formation 
and attachment in a laboratory. Several researches have studied biofilm formation under 
laboratory conditions with common nutrients, at various growth rates, different 
temperature range and pH levels  (Marsh et al., 2003).  
Microtiter plates  
A microtiter plate is a flat plate containing 96-well plate surface, used as small 
test tubes. This technique has a primary application in clinical laboratory and analytical 
research. Previously, microtiter plates have been used to study biofilms in static batch 
cultures. It has generally used for studying early stages of biofilm formation. In a 
previous study, microtiter plate was found to be more effective to identify several factors 
that are responsible to initiate the biofilm formation (O'Toole, 2011). Optical density can 
also be measured by using a typical ELISA plate reader (Riss, 1992). Many researchers 
have improved this assay and used various kind of microtiter plates and staining solutions 
(Djordjevic et al., 2002). 
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Flow cells devices  
Biofilms were studied under controlled conditions such as pressure, temperature, 
amount of nutrition by using flow cells devices. Flow cells devices were designed to be 
more convenient with optical imaging technique such as confocal microscopy (Lourenço 
et al., 2014)). Flow cell technique is an open system that makes biofilm growing in 
observation cavities and providing continuous nutrition. Several types of flow cells have 
been applied in laboratories to study biofilm formation (Bos et al., 1999) . A flow system 
has also been designed to reduce turbulent flow issues (Perni et al., 2007) 
Coupons to simulate contact surface attachment  
Coupons are mostly little squares, 1 mm in thickness; these coupons are made 
from stainless steel or copper. Stainless steel coupons are common to study biofilm 
formation under static conditions, and this can help in conducting a large number of trials 
in short duration (Beresford et al., 2001). It could be done by immersing the SS coupons 
in a solution that contains bacteria and washing after particular time to remove the fluid 
and using plating technique to get the counts (Beresford et al., 2001). There are some 
mechanical methods that were used to remove cells attachment such as vortexing, 
swabbing the surfaces, sonication and shaking with beads, followed by plating them on 
agar (Beresford, 2002). These different methods such as vortexing, sonication, or shaking 
with beads of cells attachment have shown similar results in bacterial counts (Lindsay et 
al., (1997). 
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Microscopic observations  
Microscopy is commonly used to observe the morphology of cell attachment on surfaces. 
Several types of microscopy are used to study the biofilm structure such as transmission 
electron microscopy (TEM), confocal laser-scanning microscopy (CLSM) and scanning 
electron microscopy (SEM) (Davies et al., 1998). CLSM is an essential microscopy to 
study the hydrated living biofilm that provides the information needed without using 
chemical fixation or handling the samples (Neu, 2000). In addition, fluorescence in situ 
hybridization (FISH) is a reliable method to identify microorganisms in biofilm 
population based on labeled nucleic acid probes. It can be used to study the physical 
structure and developed biofilms. Furthermore, detection of different fluorochromes 
could be achieved by using confocal laser-scanning microscopes.  
Scanning electron microscope is considered a great tool to study biofilm 
morphologies and for surface structure of biological samples, but requires a gradual 
dehydration of the specimen for observation (Wimpenny, 2000). Storti et al., 2005  has 
used SEM in the medical field and he found the biofilm matrix as an amorphous material 
on the catheter surface. SEM has been used for a long time to detect biofilm incidence in 
situ on plant aerial surfaces as biofilm may occur in the phyllosphere (Morris and 
Monier, 2003). Shaking with beads is an effective method for biofilm detachment from 
the SS surfaces for observing by SEM. The overall objective of using optical microscopy 
is to empower the researches to evaluate the 3-D structure of a biofilm and identify type 
of microorganisms embedded in the biofilm matrices. 
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Total viable counts  
One of the most popular identification methods that is applied in microbiological 
laboratories is the viable count technique, which depends on culturing the 
microorganisms in appropriate media. After removing the biofilms from surfaces, viable 
counts can be done. However, initial washing of these surfaces is required to eliminate 
any planktonic cells. Cells attached could be detached by using some mechanical forces 
such as a sonic bath or by swabbing the surface (Beresford et al., 2001) 
CONCLUSIONS 
Biofilms pose a serious concern in the dairy manufacturing industry (Kumar and 
Anand, 1998). The presence of biofilms result in unsanitary equipment, and inadequate 
heat treatments and corrosion of the metal surfaces. Biofilms may contain vegetative cells 
and spores, however, mesophilic and thermophilic spore-formers are most common 
microorganisms forming biofilms. Bacillus and related spp. are the mostly associated 
with biofilms. Moreover, they are of greater concern to the dairy industry due to their 
ability to survive thermal treatments and form spores and thus persist during the 
manufacture of dairy products.  In addition, minimal thermal processes like 
pasteurization are not sufficient to eliminate mesophilic and thermophilic spore-formers 
as compared to ultra-high temperature (UHT), which could reduce mesophilic and 
thermophilic spore-formers counts more than pasteurization. Due to the limitation of 
using this treatment, dairy industry is looking for an alternative way to reduce the cross 
contamination of milk and dairy products by heat resistance bacteria. The current study is  
an extension of our previous work on the use of ultrasonication in reducing the load of 
	 19	
sporeformers in milk. In this study, we evaluate the injured sporeformers due to 
ultrasonication treatment and their ability to persist in the dairy processing environment 
by forming biofilms. 
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CHAPTER 2 
EFFECT OF CAVITATION ON BIOFILM FORMING ABILITY OF 
VEGETATIVE CELLS OF COMMON DAIRY SPOREFORMERS 
TAGHREED ALMALKI 
ABSTRACT 
Thermoduric sporeformers survive heat treatment and lead to formation of contact 
surface biofilms. These biofilms are difficult to clean and cause cross contamination of 
milk and dairy products during milk processing. In order to inactivate the thermoduric 
sporeformers, a novel technique based on cavitation effect is being studied in our lab. In 
addition to inactivation of sporeformers, the cavitation may also lead to surface 
modifications of any surviving cells and their endospores. It is hypothesized that 
cavitation would result in their reduced ability to attach to contact surfaces and form less 
biofilms, on their recovery. The present study is thus focused on the effect of cavitation 
on the biofilm forming ability of three dairy related sporeformers: Geobacillus 
stearothermophilus, Bacillus licheniformis, and Bacillus sporothermodurans. Individual 
organisms were spiked in sterile skim milk samples at the rate of 6.0 log cfu/mL. For the 
cavitation effect, the spiked samples were treated by ultrasonication processor (VC 505, 
Sonics and Materials Inc., CT, USA) at 20 kHz frequency, 500 W power, and 80% 
amplitudes for 10 min each. The pre- and post-ultrasonicated spiked samples were used 
to develop biofilms on stainless steel (SS) coupons under static conditions. The 
respective biofilm counts were taken after 72h old of incubation by standard 
microbiological techniques. Scanning electron micrographs were also taken to visually 
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observe the developed biofilms. The replicate data from 3 trials for each organism were 
statistically analyzed and means were compared using student T test. The average 
pretreatment counts in spiked milk samples were 7.2, 8.0, and 7.7 logs, respectively, for 
the three sporeformers. After the cavitation treatment, the counts got reduced 
significantly to 3.4, 4.2, and 3.7 logs, respectively. Further studies indicated that within 
72h biofilm matrices on SS coupons, the pretreatment counts for the three sporeformers 
were 5.35, 6.42, and 6.5 logs, respectively. While the biofilms of cavitated cells revealed 
significantly (P<0.05) lower counts of 4.39, 5.44, and lower counts of 4.39logs, 
respectively, for the three organisms. Of the three organisms tested, Geobacillus 
stearothermophilus formed the least biofilms after cavitation. The results obtained in the 
study thus support the hypothesis that the cavitated sporeformers would form lower 
biofilms. 
Key words: Biofilm, Cavitation, sporeformers. 
INTRODUCTION 
Previous research has investigated that the presence of  biofilms in dairy 
manufacturing facilities can significantly affect the propagation of associated 
sporoformers within the biofilms. Biofilms are ubiquitous in dairy industry embedded 
with various spoilage microorganisms can slough off from the biofilms in milk or milk 
products, eventually causing cross contamination issues. It is mostly believed that 
biofilms adherence is more likely to sustain on hydrophilic surfaces as compared to 
hydrophobic  (Habimana et al., 2014). On the other hand, some researchers reported that 
biofilm may also attach to some hydrophobic surfaces due to several other influencing 
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factors (Courtney et al., 2009). The primary factors that help to form better biofilms are 
cell surface hydrophobicity, and secretion of exopolysaccharides (Simoes et al., 2010). 
These exopolysaccharides play an important role to bind the elements that help biofilm 
adhere to abiotic surfaces.  
Biofilms formed by thermoduric sporeforming bacteria serve as important sources 
of dairy food contamination, especially during prolonged processing runs. The presence 
of biofilms in dairy industry may also induce intense problems such as corrosion in 
piping systems and pasteurizers, and even cause post-pasteurization contamination. 
Biofilms are known to cause an inefficiency in membrane filtration due to blockage of 
pores. Controlling biofilms in the dairy industry could be accomplished by determination 
of the kind of contaminating residues such as protein, carbs, or fat, and the type of the 
organisms, in order to apply effective methods to remove them from the contact surfaces. 
Detergents and disinfectants should be selected based on characteristics such as efficacy, 
safety and the relation between the chemical treatment and the post treatment effects on 
the finished products (Mosteller and Bishop, 1993).  Most of the dairy plant equipment is 
made of stainless steel, such as pipelines and heat exchanger tanks, due to its mechanical 
strength, corrosion resistance, longevity and ease of fabrication. Nowadays, newer 
techniques such as ultrasonication are being experimented in dairy manufacturing to 
reduce thermoduric and sporeformer counts, and eventually reduce biofilms. Previous 
work in our lab demonstrated that ultrasonication is an effective method for the 
inactivation of thermoduric sporeformers in milk. This technology induces sound waves 
above the human hearing frequencies and the primary effect of ultrasound power is called 
‘cavitation’. It generates intense acoustic cavitation leading to thousands of bubbles with 
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strong vibration in the medium, which are required for bacterial inactivation. These 
bubbles grow due to high acoustic intensities and then speedily collapse, leading to 
bubbles disintegration into small fractions and generation of high temperature. The 
objective of the present study was to evaluate the effect of cavitation on the biofilm 
forming ability of sporeformers that survived the ultrasonication treatment.   
MATERIAL AND METHODS 
Source of sporeformers 
Three different aerobic sporeforming bacterial species were chosen to conduct 
the experiments, namely Geobacillus stearothermophilus (ATCCâ15952), Bacillus 
licheniformis (ATCCâ 6634), and Bacillus sporothermodurans (DSM 10599). These 
strains were purchased from American type culture collection (ATCC) and Deutsche 
Sammlung von Mikroorganisem and Zellkulturen (Germen collection of Microorganisms 
and cell Cultures-DSMZ), Germany, respectively. Pure cultures of these strain were 
grown by incubating them at their optimum temperature in Brain Heart Infusion (BHI; 
BD Difco TM) and Nutrient Broth (NB; BD Difco TM) (Table 1). All of the selected 
bacteria were propagated using the protocol recommended by Novak et al., (2005). 
 Propagation of vegetative cells of spore forming Bacillus species for spiking purpose 
All three sporeforming bacteria, Geobacillus stearothermophilus (ATCCâ15952), 
Bacillus licheniformis (ATCCâ 6634), and Bacillus sporothermodurans (DSM 10599), 
were tested to evaluate biofilm forming ability after exposing to ultrasonication. 
Sporeforming bacterial species were grown overnight in brain heart infusion at their 
optimum temperature, at mid exponential phase, the cultures were pelleted by 
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centrifugation at 4500xg for 30 minutes. The pellet was suspended in the phosphate 
buffer solution (PBS). Optimum density was measured for each organism to reach 0.3. 
After this step, the organisms were ready to inoculate skim milk and conduct further 
experiments.  
Preparation of sterilized milk for spiking experiments 
Nonfat dry milk (NFDM) was obtained from SDSU dairy plant, and was 
reconstituted by mixing 113gm with 877 mL of sterilize water, followed by autoclaving 
at 121° C for 15 min, cooling, and subsequently stored in refrigerator for the future use. 
Enumeration of vegetative cells of sporeformers and their spores 
The aerobic plates count (APC) is a well-known standard procedure to count colonies 
(Downes and Ito, 2001) using spread plates techniques on brain heart infusion agar plates 
that has been used as a medium for its routine growth (Pettersson et al., 1996). For 
enumeration purposes, samples were serially diluted in phosphate buffer saline (PBS) 
solution. Then, 100µl of the dilution was spread on pre-poured agar plates using sterile 
plastic spreaders (Fisher scientific). After spreading, the plates were incubated for 24h at 
the respective temperatures, and the colonies were calculated using the following formula 
(Downes and Ito, 2001) 
N or, ( cfu ml-1) = åC/ {n1 x 1) +(n2 x 0.1)} d 
Where, 
N= Number of colonies per milliliter of the product, i.e. cfu/mL. 
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åC= Sum of all colonies in all plates counted 
n1= Number of plates in lower dilution counted 
n2= Number of plates higher dilution counted 
d= dilution level which the first counts were obtained (n1). 
To observe the effect of cavitation on biofilm formation by different sporeformers. 
Ultrasonication device 
34	
The specifications of ultrasonication were 500 watts ultrasonicator, processor 505 
Vibra-Cell high intensity (sonicated and Materials, Inc., New town, CT, USA) with a 
probe made from stainless steel, 13 mm, so that this probe tends to resonate at 20 kHz. 
The probe was sanitized with 70% alcohol followed by a washing with sterile distilled 
water before and after conducting each trial. About 3-4 cm of the probe height was 
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inserted vertically in the sample for treatment purposes (Cameron et al., 2009). The 
amplitudes could be adjusted from 20 to 100 % for one second or several hours of time.  
 Standardization of ultrasonication parameters for spiked samples 
         About 20 mL of spiked milk samples were sonicated in a 40 mL glass beakers, and 
these beakers were immersed in an ice bath at  0oC to control the temperature rise during 
the process of ultrasonication. The ice bath containing the beaker with milk sample was 
placed under the sonicator probe. The probe of ultrasonicator was immersed into the milk 
samples. The parameters of this experiment were 20 kHz frequency, 80% amplitudes 500 
W power to expose the samples for 10 min each (Ashokkumar et al., 2009). 
Biofilm formation by cavitated spore former vegetative cells on stainless steel (SS) 
coupons under lab conditions 
           Petri dishes were filled with the sonicated spiked milk samples, and then SS 
coupons were immersed in the milk and incubated for 72h. Milk was changed every 12 
hours in order to provide new nutrients for the bacteria to grow. At the end of the 
incubation, the coupons were washed with PBS buffer. The biofilms embedded bacteria 
were retrieved by swabbing each coupon. This swab samples were serially diluted and 
plated on brain heart infusion agar (BHI) using spread plates technique. Samples without 
ultrasonication treatment were taken as a control and the means were compared for the 
overall log reduction. Both pre and post ultrasonication and ultrasonicated samples were 
studied to evaluate their ability to form biofilms on stainless steel coupons under 
laboratory condition.  
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Scanning electron microscopy of biofilms                                                                                                    
All bacterial cells entrapped within biofilms on coupons were observed under the SEM as 
described by Bulla et al., (1969). After forming biofilms, coupons were washed with 1mL 
of PBS and then air dried under ambient condition. After drying, they were coated with a 
5-nm layer of gold using a CRC-150 sputtering system (Plasma Science Inc., Lorton, 
VA). The coupons were observed with a Hitachi scanning electron microscope (model S-
3400N), Hitachi SCI Systems Ltd., Tokyo, Japan) at 30 kV, 8.0 to 8.5 m and different 
modifications. The samples that were observed before the ultrasonication treatment were 
used as a control to compare the morphology of the vegetative cells pre and post 
treatment. 
Statistical analysis 
Every trial was done in triplicate with 3 observations each. The data obtained 
were statistically analyzed using SAS programming (SAS Institute Inc. Cary, NC). Mean 
values (n=9) were compared by using one-way ANOVA with significance difference at 
P<0.05.  
RESULTS AND DISCUSSION 
Vegetative cells of Bacillus species for spiking purpose 
Adequate amount of spore former bacterial species Geobacillus 
stearothermophilus (ATCCâ15952), Bacillus licheniformis (ATCCâ 6634), and 
Bacillus sporothermodurans (DSM 10599) were prepared using BHI broth. In addition, 
7.0-8.0 log cfu/mL were obtained after cells suspension. 
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Standardization of cavitation parameters 
Three trials were conducted at 80% amplitude for 10 minutes each, which was 
observed to be the most effective treatment time duration (Khanal et al., 2014), on the 
basis of the effect of energy transferred in to 20 mL of milk samples. Effectiveness of 
these treatments on reducing biofilm formation was considered as an independent 
variable to select the most effective treatment. 
Effect of cavitation on survival cells of sporeformers 
Three types of spore former bacterial species; Geobacillus stearothermophilus 
(ATCCâ15952), Bacillus licheniformis (ATCCâ 6634), and Bacillus sporothermodurans 
(DSM 10599) were tested to evaluate the effect of ultrasonication on survival of 
vegetative cells, and compared with the control treatment. No differences were observed 
amongst the three trials conducted for each of the spore former (Tables 2, 3, and 4) to 
evaluate their survival at pre- and post- ultrasonication treatment. This validates the 
reproducibility of the experiments and consistency of results. Ultrasonication reduced the 
survivability of Geobacillus stearothermophilus, Bacillus licheniformis and Geobacillus 
stearothermophilus by over 3 logs, which is comparable to our previous findings (Khanal 
et al., 2014) 
Effect of ultrasonication on biofilm forming ability of sporeformers 
All three sporeformers were treated with ultrasonication, and the ability of both 
pre- and post-cavitated cells to form biofilms was evaluated to observe the influence of 
cavitation on their biofilm forming ability. Without any ultrasonication, the Geobacillus 
stearothermophilus (ATCCâ15952) formed biofilms at a viable counts level of log 5.35 
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cfu/cm2, whereas post treatment log counts were 4.39 cfu/cm2 (Table 5). The mean 
percent reduction in spore former counts in the biofilms formed by cavitated cells was 
89.1%. Thus, a significant difference was observed for pre and post count (P= <0.05).  
Effect of cavitation on biofilm forming ability of Bacillus licheniformis (ATCCâ 
6634) is presented in (Table 6). The mean value of control trial was 6.42 logs, however, 
log value that obtained after treatment was 5.44. It is clearly seen that there is a 
significant difference between pre and post treatment biofilm counts (P <0.05). 
Cavitation was effective in reducing the biofilm forming ability of Bacillus licheniformis 
by 90.47%.   
Similarly, the effect of cavitation treatment on biofilm forming ability of 
Bacillus sporothermodurans (DSM 10599) is presented in (Table 7). The mean value was 
log 6.5, which got reduced to log 5.81 after cavitation. There is a significant difference 
between pre and post treatment; it is obvious that cavitation could reduce the ability of 
forming biofilm by 82%. 
A comparison of pre and post treatment biofilm counts of all microorganisms is 
shown in (Figure 1). In the control trials (pre-cavitation), Bacillus sporothermodurans 
had the higher ability to form biofilms among the three sporeformers. This study proved 
that among the three sporeformers tested for their biofilm forming ability, Geobacillus 
stearothermophilus formed the  
least biofilms, both pre- and post- cavitation.  
These findings are a step forward to the previous study that was done in our lab 
by Khanal et al., (2014). His work was to combine thermal treatment with non-thermal 
treatment to reduce the microbial counts in skim milk. He found that using 
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ultrasonication followed by a thermal treatment (80 °C for 1 min) resulted in overall 
thermoduric spore former inactivation (Khanal et al., 2014).  
 Although not directly from to dairy processing, some of the previous studies have 
shown that ultrasonication could also be combined with antimicrobials to reduce biofilm 
formation. A study was done by Qian, et al., (1997) to evaluate the ultrasonication effect 
in combination with gentamicin on biofilm growing ability of Pseudomonas aeruginosa 
in medical implants. After 24 hr of biofilm growth on polycarbonate (PC), they were 
exposed to 12 µg/ml gentamicin sulfate followed by ultrasonication treatment at different 
frequencies. He found that, Ultrasonication along with antibiotic resulted in significantly 
reducing biofilm formation of Pseudomonas aeruginosa. Also, lower-frequency 
ultrasonication was found to be effective on biofilm reduction more than high frequency.  
 Similarly, Listeria monocytogenes has been evaluated for biofilm forming ability 
on SS at different temperatures (Chavant et al., 2002). After 5 days, Listeria 
monocytogenes could form substantial biofilms even at low temperature at stainless steel 
surfaces. Another study done by (Pagán et al., 1999)indicated that Listeria 
monocytogenes was resistant to ultrasonic waves under high pressure. 
 A previous study conducted in our lab by Bawa, (2016) demonstrated the effect of 
continuous ultrasonication and hydrodynamic cavitation on the reduction of sporoformers 
in skim milk.  Hydrodynamic cavitation treatment for 6 passes showed a 99.97% 
reduction in vegetative cells of Bacillus coagulans, however, continuous ultrasonication 
treatment with 12 passes resulted in 92% reduction of vegetative cells of Bacillus 
coagulans. Overall, the hydrodynamic cavitation was found to be more effective method 
to reduce microbial counts as compared to the ultrasonication process. In conclusion, 
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each organism may behave differently when they are exposed to ultrasonication 
treatment.                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                              
                                                                                                                                                                                                                                                     
Effect of ultrasonication on the morphology of the vegetative cells  
Several micrographs were taken under the scanning electron microscope (SEM), 
before and after cavitation at 80% for 10 minutes, in order to compare the physical 
changes in cell morphology. A comparison between cell morphology of the thermoduric 
organisms is shown in (Figs., 2, 3, and 4). It can be clearly seen that the cell morphology 
of pretreatment vegetative cells was rod shaped, long, and round ended cells. Post-
treatment cells, under the same parameters as pre-treatment cells, were clearly observed 
to be distorted. Vegetative cells disintegrated into several pieces and became shorter with 
irregular dimensions.  In addition, there were fewer unaffected cells appearing under the 
scanning electron microscope. This proves that ultrasonication treatment could inactivate 
or injure most of the vegetative cells in all types of sporeformers. The structure alteration 
after treatment came with an agreement of the past investigations. Also, there are some 
investigations that indicated similar structural changes to cells after ultrasonication in 
other organisms such as E.coli and Streptococcus mutants (Lee et al., 2009).  
CONCLUSIONS 
The main objective of this study was to evaluate the cavitation effect on the 
biofilm forming ability of three different types of sporeformers. It was concluded that 
ultrasonication technology resulted in overall inactivation of bacterial sporeformers in 
skim milk and it affected the vegetative cells and reduced biofilm formation. When 
samples were treated for 10min at 80% amplitude, the sporeformers counts got reduced 
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significantly to lower log counts of 4.39, 5.44, and 5.81 logs for the three organisms. 
Among the three organisms tested, Geobacillus stearothermophilus formed the least 
biofilms. The results obtained in the study thus support the hypothesis that the cavitated 
sporeformers would form lower biofilms. Scanning micrographs of the sporeformers 
exposed to cavitation showed cell morphology changes after the ultrasonication process. 
The outcome of this study provides a possible application such as ultrasonication to 
inactivate bacterial sporeformers in skim milk. The obtained result may be useful for the 
future research to understand the effect of ultrasonication on other thermoduric bacteria. 
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Table 1: Organisms, growth media and their optimum growth temperature.  
Organisms Source 
Growth 
Growth media 
temperature (°C) 
Geobacillus 
stearothermophilus  
1ATCC@15952TM  55 °C 2BHI broth/Agar 
Bacillus licheniformis  ATCC@6634TM 30 °C BHI broth/Agar 
Bacillus sporothermodurans  3DSM 10599 30 °C BHI broth/Agar 
1ATCC = American Type Culture Collection; 2BHI = Brain heart infusion; 3DSM = Deutsche 
Sammlung von Mikroorganisem and Zellkulturen 
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Table 2: Pre and post ultrasonication effect on vegetative cells of Geobacillus 
stearothermophilus in skim milk (Log10 cfu/mL). 
Trial Pre cavitation Post cavitation        %Reduction 
Trial 1 7.19 ± 0.10 b 3.52 ± 0.06 a 99.99% 
Trial 2 6.92 ± 0.04 b 3.31 ± 0.04 a 99.97% 
Trial 3 7.50 ± 0.05 b 3.34 ± 0.10 a 99.99% 
*Mean 7.20 ± 0.105 b 3.40 ± 0.05 a 99.98% 
*Cavitaion at 80% amplitude for 10 min. 
* Mean ± SE  
Values with different lowercase superscript letters within a row are significantly 
different at P-value <0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 47	
Table 3: Pre and post ultrasonication effect on vegetative cells of Bacillus licheniformis 
in skim milk (Log10 cfu/mL). 
Trail Pre treatment Post treatment % Reduction 
Trial 1 7.92±0.03 
b 3.91±0.10 a 99.99% 
Trial 2 7.85±0.04 
b 4.19±0.10 a 99.98% 
Trial 3 8.30±0.10 b 4.55±0.04 a 99.98% 
*Mean 8.00±0.10 b 4.20±0.10 a 99.98% 
Cavitaion at 80% amplitude for 10 min. 
* Mean ± SE  
Values with different lowercase superscript letters within a row are significantly 
different at P-value <0.05. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 48	
Table 4: Pre and post ultrasonication effect on vegetative cells of Bacillus 
sporothermodurans in skim milk (Log10 cfu/mL). 
 
Trials Pre treatment Post treatment % Reduction 
Trial 1 7.51±0.07 b 3.64±0.04 a 99.99% 
Trial 2 7.92±0.09 b 3.59±0.10 a 99.99% 
Trial 3 7.76±0.07 b 3.89±0.10 a 99.98% 
*Mean 7.70±0.10 b 3.70±0.04 a 99.99% 
Cavitaion at 80% amplitude for 10 min. 
* Mean ± SE  
Values with different lowercase superscript letters within a row are significantly different 
at P- value <0.05. 
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Table 5: Effect of ultrasonication on biofilm forming ability of Geobacillus 
stearothermophilus in skim milk (Log10 cfu/cm2). 
 
Trail Pre treatment Post treatment % Reduction 
Trial 1 5.32±0.02 b 4.30±0.10 a 89.00% 
Trial 2 5.38±1.00 b 4.50±0.10 a 87.23% 
Trial 3 5.36±0.10 b 4.37±0.01 a 90.62% 
*Mean 5.35±0.01 b 4.39±0.03 a 89.10% 
N=9 observation obtained from three trials. 
* Mean ± SE  
Values with different lowercase superscript letters within a row are significantly different 
at P- value <0.05. 
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Table 6: Effect of ultrasonication on biofilm forming ability of Bacillus licheniformis in 
skim milk (Log10 cfu/cm2). 
 
Trials Pre treatment Post treatment Percent reduction 
Trial 1 6.10±1.70 b 5.42±0.13 a 85.81% 
Trial 2 6.57±0.04 b 5.43±0.096 a 92.27% 
Trial 3 6.59±0.06 b 5.47±0.164 a 91.27% 
*Mean 6.42±0.10 b 5.44±0.010 a 90.47% 
N= 9 observation obtained from three trials. 
* Mean ± SE  
Values with different lowercase superscript letters within a row are significantly different 
at P- value <0.05. 
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Table 7: Effect of ultrasonication of biofilm forming ability of Bacillus 
sporothermodurans in skim milk (Log10 cfu/cm2).  
 
Trials Pre treatment Post treatment % Reduction 
Trial 1 6.35.±0.03 b 5.84±0.03 a 80.77% 
Trial 2 6.54±0.04 b 5.85±1.70 a 79.96% 
Trial 3 6.62±0.14 b 5.78±0.01 a 86.76% 
*Mean 6.5±0.040 b 5.81±0.01 a 82.97% 
N= 9 observation obtained from three trials. 
* Mean ± SE  
Values with different lowercase superscript letters within a row are significantly different 
at P- value <0.05. 
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Table 8: Mean values of the effect of ultrasonication treatment on minimizing the 
biofilm formation ability of the three organisms. 
Organisms Pre biofilm count (Log10 cfu/cm2) 
Amplitude 
(%) Time (min) 
Post Biofilm counts 
(Log10 cfu/cm2) 
Geobacillus 
stearothermophilus  5.35 ± 0.01 
b 80% 10 min 4.39 ± 0.03 a 
Bacillus licheniformis  6.42 ± 0.07 b 80% 10 min 5.44 ± 0.01 a 
Bacillus 
sporothermodurans  6.50 ± 0.04 
b 80% 10 min 5.81 ± 0.01 a 
* Mean ± SE  
Values with different lowercase superscript letters within a row are significantly different 
at P- value <0.05 of the three thermoduric bacteria. 
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Figure 1: Comparison of biofilm formation by all three sporeformers at pre and post 
Ultrasonication treatments (Log10 CFU/cm2) 
n=9	
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Before ultrasonication                                               After ultrasonication 
 
Figure 2: Scanning electron microscopic images of Geobacillus stearothermophilus 
(ATCCâ15952) vegetative cells before and after ultrasonication. 
 
1 Ultrasonication at 80% amplitude for 10 minutes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
	 	
	 55	
      Before Ultrasonication                                             After ultrasonication 
 
Figure 3: Scanning electron microscopic images of Bacillus licheniformis (ATCCâ 6634) 
vegetative cells before and after ultrasonication. 
 
1 Ultrasonication at 80% amplitude for 10 minutes. 
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     Before ultrasonication                                                            After ultrasonication 
 
Figure 4: Scanning electron microscopic images of Bacillus sporothermodurans 
(ATCC10599) 
 vegetative cells before and after ultrasonication. 
1 Ultrasonication at 80% amplitude for 10 minutes 
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CHAPTER 3 
RECOVERY OF INJURED CELLS OF COMMON DAIRY SPOREFORMERS IN 
ULTRASONICATED MILK-A PROOF OF CONCEPT 
TAGHREED ALMALKI 
ABSTRACT 
The presence of sporeformers in dairy products is a common problem because 
dairy products are prone to cross contamination. Sporeformers and their spores can 
survive through milk processing treatments due to their heat resistance. The main source 
of these sporeformers is the bacterial biofilms that grow and accumulate on most surfaces 
in dairy industries such as pipes, heat exchangers, pasteurized plates and storage tanks. 
Even their endospores form biofilms by attaching to the surfaces and germinating, when 
conditions become more favorable. The cross contamination of dairy products from these 
bacterial biofilms may lead to their reduced shelf life and spoilage. In order to minimize 
the problem caused by thermoduric bacteria, dairy industry adopts several approaches. 
Pasteurization is one of the irreplaceable techniques for milk processing. Unfortunately, 
some bacteria and endospores are resistant to the heat treatment, which can grow and 
cause spoilages of the dairy products. Dairy researchers are looking for some alternative 
approach that could help to reduce the microbial counts. Ultrasonication is a new 
approach that is used to inactivate sporeformers or reduce the microbial counts. In this 
study, three different types of heat resistant bacteria; Geobacillus stearothermophilus 
(ATCCâ15952), Bacillus licheniformis (ATCCâ 6634), and Bacillus sporothermodurans 
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(DSM 10599), were selected to inoculate skim milk and treated by ultrasonication. 
Ultrasonication process results in cell injury and damage. Such injured cells could 
potentially recover by themselves under appropriate conditions. Thus injured 
sporeformers recovery could affect the microbiological quality of dairy products 
manufactured with such ultrasonicated milk. It was hypothesized that injured cells may 
possess the ability to recover and regrow in skim milk after the ultrasonication treatment. 
The respective bacterial counts for the three organisms in the spiked skim milk, on 
average were around logs 6.0, and immediately after ultrasonication these counts 
decreased to 3.50, 4.38, and 3.75 logs. The recovery of injured cells was interpreted 
because during 12 h of incubation their counts increased slowly to 4.17, 5.14 and 5.69 
logs, respectively for the three spore formers tested in this study. The experiments were 
done in triplicates for all three sporeformers bacteria. To conclude, a slow recovery of 
ultrasonicated cells is possible in skim milk for all three bacterial types tested. 
Keywords: ultrasonication, recovery, bacillus, sporeformers, cell injury.  
 
INTRODUCTION 
Thermoduric sporeformers have been responsible for several products spoilages. 
Cross contamination is one of the primary issue that occurs in the dairy industry 
(Anderson et al., 1995). Many studies have been done to develop techniques to control, 
eliminate or reduce microbial counts and pathogens such as heating, freezing, 
ultrasonication, ultra-high pressure, antimicrobial, sanitizers and disinfectant. 
Pasteurization have been used for decades to kill pathogenic bacteria (Farkas, 1998). 
Also, we conducted studies to combine thermal and non-thermal techniques to inactivate 
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or kill common sporeformers by applying ultrasonication and pasteurization (Khanal et 
al., 2014). Although, these treatments are extremely effective to inactivate bacteria, but 
unfortunately, some of the cells remained injured. In fact, common sporeformers exposed 
to several non-thermal treatment such as ultrasonication lead to injury, and later on 
recovering in dairy products (Deeth and Datta, 2011). Chapter1 of this thesis described 
the effect of ultrasonication on biofilm forming ability of ultrasonicated sporeformers, 
and I found an evidence of its effectiveness. Although, ultrasonication could reduce the 
microbial counts in skim milk, but not completely, and some bacteria were still viable or 
injured. 
Some of the previous studies also indicated that the ultrasonication treatment 
affected the viability of sporeformers, however, some bacteria may survive (Wu et al., 
2000). Injured cells are as significant as their original cells, because they can resuscitate 
and grow when the media provide necessary nutrition under suitable temperature. Injured 
cell detection is thus important in determining food spoilage and safety during 
manufacturing of food products  (Lado and Yousef, 2002). The importance of injured and 
non-injured cells detection shouldn’t be overlooked. However, it is important to 
differentiate between living cells and dead cells to avoid false negative and false positive 
results.  
Injured cells can be identified as cells that endure a treatment and live with losing 
some of the special attributes and changing in components structures and functions. 
(Busta, 1976). In addition, providing a specific media with particular nutrients helped the 
injured cells to recover, resuscitate, and then germinate. On the other hand, dead cells 
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cannot repair cellular injuries and thus cannot form colonies under any condition. 
However, injured cells can regain their ability to form colonies (Plaumbo, 1989). Some of 
the injured cells can escape food-processing treatments such as heat treatment, freezing, 
refrigeration, acidity and water activity  (Podolak et al., 2010). In general, most of the 
injured vegetative cells recover within 2-4 hours when incubated at an optimum 
temperature in a non-selective media (Wu, 2008). When sporeformers get damaged or 
injured, they lose their ability to have normal metabolic activity, but after recovery they 
get back to their normal function. There are several methods to recover microorganisms, 
which could be in liquid or solid media  (Johnson, 1995). In this study, we have used 
skim milk as a suspension medium to recover the injured cells of common sporeformers 
after the ultrasonication treatment. These injured cells are important because some dairy 
plants are likely to hold the milk for different duration before further processing, and 
under such situations, injured cell might recover, grow and lead to spoilage.  
MATERIAL AND METHODS 
Source of spore formers 
Three different aerobic sporeforming bacterial species used in this study were 
Geobacillus stearothermophilus (ATCCâ15952), Bacillus licheniformis (ATCCâ 6634), 
and Bacillus sporothermodurans (DSM 10599). Pure cultures of these strains were 
purchased from American type culture collection (ATCC) and Deutsche Sammlung von 
Microorganism and Zellkulturen (Germen collection of Microorganisms and cell 
Cultures-DSMZ) Germany. Pure cultures of these strain were grown by incubating them 
at their optimum temperature (30℃- 50℃) in Brain Heart Infusion (BHI). 
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Propagation of Vegetative Cells of Spore formers  
As detailed above, three common dairy sporeformers were studied to evaluate the 
ability of injured (cavitated) cells to recover after getting exposed to ultrasonication. 
Standard strains that are found commonly in dairy plant were grown in brain heart 
infusion at their optimum temperature. At mid-exponential phase, cultures were pelleted 
by centrifugation at 4500xg for 30 minutes. The pellets were suspended in the phosphate 
buffer solution (PBS). Optimum density was measured for each organism to reach 0.3. 
After this step, the organisms were ready to be inoculated in skim milk and conduct 
further experiments.  
Challenge studies by spiking spore formers in skim milk 
 One liter of reconstituted NFDM was prepared for each experiment. Skim milk 
powder (Associated Milk Producers Inc) was obtained from SDSU dairy plants. This 
reconstituted skim milk was autoclaved at 121°C for 15 min and cooled down then used 
for the experiments. Sterile skim milk was inoculated at 6-7 log CFU\mL of the cell 
suspension prepared as above. 
Ultrasonication of spiked milk samples 
Ultrasonication was conducted using a 500 watts ultrasonic, processor 505 Vibra-
Cell high intensity (sonicated and Materials, Inc., New town, CT, USA) with a stainless 
steel 13 mm probe, so that this probe tend to resonate at 20 kHz. The probe was sanitized 
with 70% alcohol followed by washing with distilled water before and after conducting 
the trial. In addition, 3-4 cm of the probe height was inserted vertically in the sample 
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(Cameron et al., 2009). The three common sporeformers, Geobacillus stearothermophilus 
(ATCCâ15952), Bacillus licheniformis (ATCCâ 6634), and Bacillus sporothermodurans 
(DSM 10599), were exposed to ultrasonication (10min each at 80% amplitude) in 20ml 
of skim milk. All trials were repeated in triplicate. Inoculated milk samples were treated 
under ultrasonication while submerged in an ice bath to control the rise in temperature. 
Standard enumeration technique was used to enumerate the injured cells counts. 
 
Post ultrasonication injured cells recovery in skim milk-a proof of concept 
In order to study the injured cells recovery, ultrasonicated samples were held for 
1, 2, 4, 12 hours and incubated at the optimum temperature for each strain. At the end of 
holding, the samples were serially diluted and plated immediately. The counts were taken 
after 24-48 hours incubation. The aerobic plates count (APC), a well-known standard 
procedure to count colonies (Downes et al., 2001) using spread plates techniques on brain 
heart infusion agar plates, was used to enumerate the bacterial cells (Pettersson et al., 
1996). The samples were serially diluted in phosphate buffer saline (PBS) solution, and 
100µl of the dilution was spread on pre-poured agar plate using a sterile plastic spreaders 
(Fisher Scientific). After spreading, the plates were incubated for 24h at the respective 
temperatures, and the colonies were calculated using the following formula  (Downes et 
al., 2001). This experiment was conducted as a proof of concept study to demonstrate the 
injured cells recovery at the respective temperature; however, further studies need to be 
done using industrial holding temperatures. 
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N or, ( cfu ml-1) = åC/ {n1 x 1) +(n2 x 0.1)} d 
Where, 
N= Number of colonies per milliliter of the product, i.e. cfu/mL. 
åC= Sum of all colonies in all plates counted 
n1= Number of plates in lower dilution counted 
n2= Number of plates higher dilution counted 
d= dilution level which the first counts were obtained (n1). 
Statistical analysis 
Every trial was done in triplicate with 3 observations each. The data obtained 
were statistically analyzed using SAS programming (SAS Institute Inc. Cary, NC). Mean 
values (n=9) were compared by using one-way ANOVA with significance difference at 
P<0.05.   
RESULT AND DISCUSSION 
Effect of ultrasonication on spore formers 
In this experiment, the skim milk samples were spiked with 6-7 logs of bacterial 
vegetative cells. After ultrasonication treatment at 80% for 10 min in an ice bath, the 
count was taken immediately as 0h. After plating and incubating for 24-48 the counts at 
0h were recorded (Tables 1-3). Geobacillus stearothermophilus (ATCCâ15952) showed 
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an average counts of 3.50 log cfu/mL. However, Bacillus licheniformis and Bacillus 
sporothermodurans showed survival to 4.38 and 3.75 log cfu/mL, under the similar 
processing parameters. The extent of reduction in the counts of sporeformers due to 
ultrasonication was observed to be comparable to our previous study (Khanal et al., 
2014). 
Comparison of recovery  
The results presented in Table 1 point out the effect of post- ultrasonication (80% 
amplitude for 10 min) holding on the repair and recovery of Geobacillus 
stearothermophilus (ATCCâ15952) at different duration, in order to evaluate total time 
required for cells to recover. The mean value of 0h log counts was 3.50±0.014, which got 
increased to 4.17 logs after 12h of holding. This thus shows a very slow recovery of cells, 
and indicates that the injured cells may not have the ability to quickly repair in skim milk. 
This pattern of recovery was observed to be comparable for all the three trials carried out 
using G. stearothermophilus. In some previous studies, many injury repair methodologies 
have been reported in different media. Injured cells could repair and recover in just one 
hour at 25°C in non-selective media such as tryptic soy broth      (Todd et al., 1988). In 
another study, acid injured cells of E. coli were recovered and enumerated by using 
hydrophobic grid membrane filtration in combination with agar  (Kang and Siragusa, 
1999).  
Table 2 presents the results of the capability of Bacillus licheniformis (ATCCâ 
6634) to recover after ultrasonication treatment (80% amplitude for 10 min) at 0, 1, 2, 4, 
12 hours. It was observed that, there was a higher recovery of cells, as evident by the 12h 
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mean counts at 5.52 log cfu/mL. This indicates a more than 1.0 log increase in their 
counts at 12h. As the three trials showed comparable data, it helps to establish the 
reproducibility of experiments. Such an increase in counts helps to generate a proof of 
concept for a greater injured cell recovery of B. licheniformis compared to G. 
stearothermophilus. Although, there are no other studies available to compare the 
recovery of cavitated cells of sporeformers under similar conditions in skim milk, some 
studies done with other organism provide evidence of recovery on selective agar media. 
In a previous study, Kang and Siragusa, (1999) used agar underlay method for recovery 
of sublethally heat injured bacteria such as Escherichia coli and Salmonella typhimurium 
and he found that the recovery of the two selected bacteria is similar in selective agar and 
non-selective agar. However, Kang and Fung, (2000) conducted a study to evaluate the 
recovery of injured Salmonella typhimurium in two different media; xylose lysine 
decarboxylase (XLD) and tryptic soy agar (TSA). After few hours of incubation, 
Salmonella typhimurium repaired and grew in XLD more than TSA.  
Observations related to the injured cells recovery of Bacillus sporothermodurans 
are presented in table 3. The counts taken immediately after the treatment were 3.75 logs 
and it increased rapidly to 4.37 logs within 1 hour. The highest increase was recorded at 
12 hours, where the count increased to 5.69 logs. This study thus indicates that B. 
sporothermodurans injured cells recovered to maximum extent amongst the three 
sporeformers evaluated. Different bacteria exhibit different responses to the treatment 
they are exposed to and their ability to repair the injured cells. Some of them will be 
completely eliminated, while other may recover as injured cells leading to full growth 
under favorable conditions. In a previous study, skim milk, whole milk and peptone 
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sorbitol bile broth were inoculated with Yersinia enterocolitica and pasteurized at 62.8 C 
for 30 min. After 8 days of incubation at 10°C, counts were recovered in peptone sorbitol 
bile broth. However, the recovery in the other media was reported to be slower than 
peptone and such low numbers wouldn’t make any hazard to the products after storage at 
low temperature (Kushal and Anand 1999). 
Critical time duration for inured cells recovery 
Injured cells recovery of all three selected bacteria were compared and the mean 
log counts are presented in Table 4. Keeping in mind about a log increase in counts as 
critical, it can be seen that, in general, 4 hours or higher holding of ultrasonicated milk 
has the potential for the injured cells to repair themselves. After prolonged holding of 12 
hours, all sporeformers got significantly increased (P <0.05). Bacillus 
sporothermodurans recovered faster (log 5.69 ± 0.06), followed by Bacillus licheniformis 
(log 5.52 ± 0.1), while Geobacillus stearothermophilus showed least recovery with a 12 
hours count of log 4.17± 0.05.  
In a previous study, Sandel et al., (2003) reported the recovery of sublethally-
injured enterotoxigenic Staphylococcus aureus. They used selective agar overlays of 
Brain Heat Infusion (BHI) + Baird-Parker Agar (BPA), and Brain Heat Infusion (BHI) + 
Gram positive Agar (GPA) to compare the ability of acid and heat-shocked bacteria to 
recover. Brain Heart Infusion (BHI) + Baird-Parker Agar (BPA) showed a greater 
recovery of injured cells.  
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CONCLUSION 
This study presents a proof of concept of the ability of ultrasonicated injured 
sporeformers to repair themselves within a short duration of 4 hours itself. Based on this 
work, further studies are recommended to be conducted with multispecies inoculants and 
industrial milk holding temperatures to create a better representation.  It is also to 
emphasize that the significance of injured cell recovery during food and dairy processing 
should not be ignored. Injured cells are capable to regain and recover in a suitable 
environment. The potential consequences of the presence of these injured bacteria are 
still being studied by many researchers, and present a concern due to their ability to 
multiply during later processing steps. Holding of milk after cavitation for more than 4 
hours helps the bacteria to recover and return back to the normalcy. The results also 
indicates that skim milk serves as a suitable medium for the recovery and repair of 
injured sporeformers due to non-thermal processes such as ultrasonication. This study 
thus provides useful information for our other lab studies that are being standardized to 
incorporate cavitation as a part of the process to help inactivate thermoduric 
sporeformers. 
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RESULT AND DISCUSSION 
Table 1: Recovery of injured cells of Geobacillus stearothermophilus in skim milk at 
different times of incubation (Log10 CFU/mL). 
 
  0h 1h 2h 4h 12h 
Trial 1 3.47 ± 0.003 3.59 ± 0.012 3.58 ± 0.02 3.95 ± 0.01 4.22 ± 0.04 
Trial 2 3.50 ± 0.003 3.63 ± 0.1 3.86 ± 0.02 3.98 ± 0.002 4.26 ± 0.03 
Trial 3 3.52 ± 0.02 3.71 ± 0.03 3.95 ± 0.01 3.93 ± 0.03 4.03 ± 0.1 
Mean 3.50 ± 0.014 a 3.64 ± 0.02 b 3.79 ± 0.01c 3.95 ± 0.01d 4.17 ± 0.05 e 
*Mean ± SE 
Values with different lowercase superscript letters (a-e) within a row are significantly 
different at p value<0,05 
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Table 2: Recovery of injured cells of Bacillus licheniformis in skim milk at different 
times of incubation (Log10 CFU/mL). 
 
  0h 1h 2h 4h 12h 
Trial 1 4.4 ± 0.04 4.81 ± 0.012 5.01 ± 0.02 5.16 ± 0.01 5.42 ± 0.1 
Trial 2 4.36 ± 0.02 4.83 ± 0.03 5.06 ± 0.03 5.23 ± 0.02 5.74 ± 0.052 
Trial 3 4.39 ± 0.03 4.81 ± 0.03 5.07 ± 0.02 5.18 ± 0.03 5.39 ± 0.1 
Mean 4.38 ± 0.02 a 4.82 ± 0.02 b 5.05 ± 0.03 c 5.19 ± 0.02 d 5.52 ± 0.1e 
*Mean ± SE  
Values with different lowercase superscript letters (a-e) within a row are significantly 
different at p value<0.05 
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Table 3: Recovery of injured cells of Bacillus sporothermodurans in skim milk at 
different times of incubation (Log10 CFU/mL). 
 
  0h 1h 2h 4h 12h 
Trial 1 3.69 ± 0.044 4.41 ± 0.04 4.93 ± 0.02 5.2 ± 0.010 5.62 ± 0.10 
Trial 2 3.79 ± 0.020 4.32 ± 0.02 4.92 ± 0.02 5.22 ± 0.01 5.89 ± 0.05 
Trial 3 3.78 ± 0.036 4.37 ± 0.02 4.99 ± 0.50 5.26 ± 0.01 5.55 ± 0.10 
Mean 3.75 ± 0.003a 4.37 ± 0.01b 4.95 ± 0.01c 5.24 ± 0.01d 5.69 ± 0.06e 
 
*Mean ± SE  
Values with different lowercase superscript letters (a-e) within a row are significantly 
different at p value<0.05 
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Table 4: The mean values of all three bacteria at the same times of incubation (Log10 CFU/mL). 
*Mean ± SE  
Values with different lowercase superscript letters (a-e) within a row are significantly 
different at p value<0.05 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Organisms 0h 1h 2h 4h 12h 
Geubacillus 
stearothermophilus 3.5 ± 0.014
a 3.64 ± 0.02b 3.79 ± 0.01c 3.95 ± 0.01d 4.17 ± 0.05e 
Bacillus licheniformis 4.38 ± 0.02a 4.82 ± 0.02b 5.05 ± 0.03c 5.19 ± 0.02d 5.52 ± 0.1e 
Bacillus 
sporothermdurans 3.75 ± 0.003
a 4.37 ± 0.01b 4.95 ± 0.01c 5.24 ± 0.01d 5.69 ± 0.06e 
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CHAPTER 4 
EFFECT OF ULTRASONICATION ON ATTACHMENT, HYDROPHOBICITY 
AND ZETA-POTENTIAL OF BACTERIAL ENDOSPORES 
TAGHREED ALMALKI 
ABSTRACT 
 Thermoduric bacteria are an important source of dairy spoilage due to their ability 
of attachment on different kind of surfaces. Bacillus species are common bacteria that 
likely to be found in dairy products. These spore formers could grow and multiply, create 
layers which are known as biofilms. When biofilms adhere to the dairy surfaces, it may 
lead to contamination of dairy products. These layers of bacteria are hard to clean due to 
their varied temperature growth range and their rapid growth level. They are resistant to 
disinfectant and heat treatments. Bacteria within the biofilms can produce endospores, 
which are more resistant than the cells. Also, they are capable of surviving higher 
temperatures and cause spoilage of milk products. Dairy industry applies several 
techniques to reduce or inactivate spore formers that are present in a dairy plant. Heat 
treatments are essential to kill or inactivate dairy sporeformers. However, some bacteria 
can resist the high temperature and survive pasteurization. Also, some non-thermal 
processes can also be used to minimize bacterial counts. For example, ultrasonication is a 
novel treatment that can be used in dairy plant to reduce sporeformer bacteria. 
Ultrasonication is a non-thermal technique which was used to inactivate sporeformers 
and spores thereby reduce the microbial counts. This present study was designed to 
elucidate the effect of ultrasonication on the ability of endospores to attach on stainless 
steel surfaces. This analysis was assayed on three different heat resistant spores of 
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Geobacillus stearothermophilus (ATCCâ15952), Bacillus licheniformis (ATCCâ 6634), 
and Bacillus sporothermodurans (DSM 10599), those strains were exposed to 
ultrasonication treatment for 10 min at 80% amplitude. First, it was anticipated that 
ultrasonication treatment would reduce the ability of spore to attach. The ability of 
thermoduric spores adhesion on stainless steel surfaces was evaluated by allowing the 
interface between the contact surfaces and spores for an hour under static conditions. 
Hydrophobicity and zeta potential of spores were determined by using hexadecane and 
Zeta sizer Nano series instrument, respectively. Attachment, hydrophobicity and zeta 
potential of the three bacillus strains were compared. The ability of spores to attach to 
stainless steel surfaces was diverse among species, however, Bacillus sporothermodurans  
spores commonly being the highest.  
Keywords: spores attachment, hydrophobicity, zeta potential, ultrasonication 
 
 
INTRODUCTION 
Bacillus species are common contaminants of dairy products, especially in milk powder 
line processing. The presence of these bacteria in dairy industry leads to spoilage or 
contamination of dairy products. Bacillus species can germinate in different temperature 
and produces various enzymes that effect milk properties. These species are known to 
produce spores that resist heat treatment and sanitizers (Faille et al., 2001). The spores 
can germinate after reconstitution of the milk power and cause spoilage. The presence of 
Bacillus species on dairy equipment is believed to develop a biofilm. Biofilms refer to a 
population of a bacterial cell and their extracellular polymeric material on stainless steel 
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surfaces. When biofilms develop, it may slough off and contaminant the surfaces as well 
as the final product. These bacteria in the biofilm are resistant to detergents and sanitizers 
that used to clean dairy facility. Finding a suitable technique that could prevent the cross 
contamination of dairy products with spore formers and spores is one of the challenges 
for the dairy industry. Highly sufficient cleaning approaches are required to protect plant 
surfaces from contamination. To achieve effective cleaning methods, factors that are 
responsible for spores attachment should be understood. A thermal process such as 
pasteurization is primarily applied to eliminate bacteria from milk and milk products. 
Pasteurization is an effective technique that helps to kill pathogens but not enough to 
reduce other spore formers and spores. Non-thermal techniques such as ultrasonication 
has been recorded as an effective method to inactivate sporeformers and their spores 
specially in combination with a thermal process. The presence of sporeformers such as 
Bacillus sporothermodurans on dairy plant surfaces has been recorded (Fernandes, 2009). 
Hydrophobicity and surface charge properties of Bacillus spores are important 
factors that influence their attachment. Also, the structural morphology of spores is 
another significant factor that plays an important role in attachment. However, spores 
could attach to the dairy surfaces greater than vegetative cells due to their higher 
hydrophobicity. The effect of Bacillus spores hydrophobicity on attachment was 
demonstrated (Wiencek et al., 1991). 
In addition, zeta potential was used to infer the existence of ionizable 
functionality at the surfaces of Bacillus spores James, (1991). The aim of this study was 
to evaluate the effect of ultrasonication on spore adhesion to stainless steel surfaces and 
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compare hydrophobicity of spores of thermoduric and mesophilic strains of Bacillus 
species. 
 
MATERIAL AND METHOD 
Source of bacterial cultures 
Three different strains of bacillus Geobacillus stearothermophilus 
(ATCCâ15952), Bacillus licheniformis (ATCCâ 6634), and Bacillus sporothermodurans 
(DSM 10599) were used in this study to evaluate spores attachment, hydrophobicity, and 
zeta potential after exposing to ultrasonication on stainless steel coupons (SS). These 
bacteria were obtained from American type culture collection (ATCC) and Deutsche 
Sammlung von Mikroorganisem and Zellkulturen (Germen collection of Microorganisms 
and cell Cultures-DSMZ), Germany, respectively.  
Culture Suspension 
Pure cultures of above strains were grown overnight by incubating them at their optimum 
temperature in Brain Heart Infusion (BHI) broth (Oxoid, Thermo Scientific, UK). All of 
the selected bacteria were propagated using the protocol recommended by (Novak et al., 
2005). At mid-exponential phase, cultures were centrifuged 4500xg for 30 minutes. The 
pellet was suspended in the Phosphate Buffer Solution (PBS) at PH 7.4 and maintained in 
a vial and stored in the deep freezer (NuAir ultralow freezer, NuAire Inc. Plymouth, MN) 
at -70°C for further use (Khanal et al., 2014). 
Spores Preparation 
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All of the selected bacteria were propagated using the protocol recommended by 
(Novak et al., 2005). After activation, 1.0 mL of the pure culture of each bacterial species 
was spread on the BHI agar plate and incubated for 14 days at their optimum 
temperature. Spore staining was done during the incubation period to detect the percent 
of spores formation. Spores were harvested by adding 1mL of sterile distilled water on 
the agar plates, when 90% of spores were observed under the microscope. After few 
minutes, sterile spreaders were used to collect the spores in 50 mL tubes and then 
centrifuged at 4500x g for 30 min to get the pellet. The pellet obtained was washed twice 
by using sterile distilled water and centrifuged again. After centrifugation, the obtained 
pellet was suspended in sterile water, heated for 12 min at 80°C to eliminate the 
vegetative cells, cooled and frozen.  
Standardization of ultrasonication parameters for spiked samples 
         Around 20 mL of spiked sterile distilled water samples were sonicated in a 40 mL 
glass beakers, and these beakers were immersed in an ice bath at  0oC to control the 
temperature rise during the process of ultrasonication. The ice bath containing the beaker 
with water was placed under the sonicator probe. The probe of ultrasonicator 
was immersed into the water samples. The parameters of this experiment were 20 kHz 
frequency, 80% amplitudes 500 W power to expose the samples for 10 min each (Khanal 
et al., 2014). 
Stainless steel coupons preparation  
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Stainless steel (SS316) coupons were washing with water and soaking in 70% alcohol 
then, they were dried and autoclaved at 121C for 45 min.  
Spore attachment to stainless steel surfaces 
Spores of the three Bacillus strains were selected to conduct this experiment, in 
triplicates. Sterile distilled water was used in this study to avoid any germination, and 
then water was inoculated with spores and treated using ultrasonication for 10 min at 
80%. After treatment, SS coupons were immersed in a sufficient amount of the treated 
spore solution and incubated in the shaking incubator at 100 rpm for one hour at room 
temperature (25°C) for spores attachment purpose. SS coupons were washed with 1mL of 
distilled water and swabbed using 3M sterile quick swabs, then diluted using distilled 
water and plated using spread plates technique to get the spores attached to the SS 
coupons (Downes et al., 2001) After 24-48 hours of incubation, colonies were counted 
using the following formula: 
N or, ( CFU cm-2) = åC/ {n1 x 1) +(n2 x 0.1)} d      
Where, 
N= Number of colonies per milliliter of the product, i.e. cfu/mL. 
åC= Sum of all colonies in all plates counted 
n1= Number of plates in lower dilution counted 
n2= Number of plates higher dilution counted 
d= dilution level which the first counts were obtained (n1). 
	 82	
Effect of spore properties on their attachment tendency 
Determination of surface characteristics of spores (Hydrophobicity) 
Spores surface hydrophobicity was examined using Microbial Adhesion to 
Hydrocarbon (MATH) as recommended by Rosenberg et al., (1980). The spore 
suspension of the organism was mixed with 3.0mL of hexadecane, and the mixture was 
vortexed for one minute at ambient temperature. After vortexing, the sample was 
incubated for 20 min at 30°C and again vortexed for two minutes. Samples were allowed 
to settle for 10 min at the room temperature, and a spectrophotometer (Spectronic 200, 
version 2.06) was used to measure the aqueous layer absorbance level at 600 nm (van der 
Mei et al., 1995). Spores surface hydrophobicity was calculated in percent using the 
following formula: 
%Hydrophobicity = (OD600 before treatment with hexadecane – OD600 after treatment 
with hexadecane) *100/OD600 before treatment with hexadecane. 
Determination of Zeta potential (surface charge) of spores 
Zeta potential of spore surface was measured using Malvern Zeta Sizer 3 
(Malvern Instruments, England). Spores were grown on BHI agar plates by incubating for 
14 days at the respective temperature, harvested and centrifuged at 4500 rpm for 15 min 
and washed two times to obtian the pellet. The pellet was suspended in water and the 
spectrophotometer was used to measure the OD for each sample. Zeta potential of spores 
surfaces was observed by adding 1mL of the suspension to 9mL of PBS. Determination 
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of Zeta potential of spores of sporeformers was done using a prior method (Denyer et al., 
1993).   
Statistical analysis 
The attachment study was done in triplicate with 3 observations each. Mean 
values and standard error were calculated for each bacterium. The data obtained were 
statistically analyzed using SAS programming (SAS Institute Inc. Cary, NC). Mean 
values (n=9) were compared by using the GLM procure Tukey Standardized (HSD) 
Range Test for log count with significance difference at P<0.05.  
 
RESULT AND DISCUSSION 
Bacillus species spores for spiking purposes 
Adequate amount of bacillus spores of Geobacillus stearothermophilus 
(ATCCâ15952), Bacillus licheniformis (ATCCâ 6634), and Bacillus sporothermodurans 
(DSM 10599) were prepared using BHI agar. In addition, 5.0-6.0 log cfu/mL were 
obtained after spore suspension. 
Standardization of ultrasonication parameters 
Three trials were conducted at 80% amplitude for 10 minutes each, which was 
observed to be the most effective treatment time duration on the basis of the effect of 
energy transferred in to 20 mL of sterile distilled water as described by me in chapter 2 
and 3. 
Effect of Ultrasonication on spore attachment, hydrophobicity and attachment studies 
	 84	
Studies on the effect of ultrasonication on spores attachment of bacillus spores are 
rare. Three different Bacillus species spores were subjected to ultrasonication treatment 
for 10 min at 80% amplitude. Spores were allowed to attach to SS surfaces at 25°C for 
one hour. Table 1 presents the attachment tendency of spores on stainless steel surfaces 
for Geobacillus stearothermophilus, Bacillus licheniformis and 
Bacillus sporothermodurans. Previously, Parker et al., (2011) has reported that spores 
can attach to SS surfaces greater than vegetative cells. Bacillus spores under undesirable 
condition and low level of nutrition can germinate back to vegetative cells (Aouadhi et 
al., 2012) 
Spores surfaces hydrophobicity correlated with attachment tendency, the greater 
spores hydrophobicity, the greater spores adhesion rate would be observed. However, 
surface charge associate inversely with attachment tendency of spores. Another study was 
done by (Parkar et al., 2001) to investigate the mechanism of 42 bacillus strains to attch 
on stainless steel surfaces. In another study, adhesion of Bacillus cereus spores to 
stainless steel surfaces was studied by Klavenes et al., (2002). In this study three strains 
of Bacillus cereus with and without appendages were chosen to conduct this experiment 
under static conditions. Appendages of spores were removed by using ultrasonication, 
and were compared with native spores. He found that attachment of native spores to 
stainless steel surfaces was greater than the attachment of the same spores without 
appendages.  
Comparison of all treated endospores for attachment  
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In our study, G. stearothermophilus showed the least spore attachment on SS 
surfaces, while B.sporothermodurans followed by B.licheniformis showed the higher 
spore attachment on the same surfaces (Table1). Some variations of attachment was 
observed between B. sporothermodurans and  B. licheniformis where B. 
sporothermodurans exhibiting a greater attachment than B. licheniformis. In contrast, 
non-cavitated spores showed less attachment on modified surfaces Jindal, (2017). In this 
case, we might say that spores tend to germinate and induce vegetative cells during 
ultrasonication treatment that may lead to higher attachment.  However, this is just a 
preliminary evidence and needs further confirmation using additional studies that were 
outside the scope of this work. 
Effect of ultrasonication on spores surfaces hydrophobicity 
The surface hydrophobicity of three strains of Bacillus spp. was studied in a 
hexadecane-aqueous partition system (Figure 1). Spores surface attributes play an 
important role in the spores attachment on the SS surfaces. Parker et al., (2001) has 
reported that, cell surface proteins are a major factor that affect spores attachment. In our 
study, hydrophobicity of treated G. stearothermophilus spores was the lowest among 
other spores. Surfaces hydrophobicity of B. sporothermodurans was the highest followed 
by B. licheniformis. There is a positive relationship between attachment and 
hydrophobicity. The greater hydrophobicity of spores, the greater adhesion to the 
surfaces. 
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A comparison with a previous study conducted in our lab indicated that non-
ultrasonicated spores hydrophobicity was greater than ultrasonicated spores (Jindal, 
2017). 
Effect of ultrasonication on spores surface charge (zeta potential) 
Zeta potential, which contribute for adhesion was studied for all spores. Zetasizer 
Nano earies instrument was used to determine zeta potential of spores. Figure 2 presents 
the cell surface charge (Zeta potential) of the three types of spores. It was observed that 
post-ultrasonication, B. sporothermodurans has lower zeta potential compared to others. 
 In a previous study in our lab, the magnitude of charge of vegetative cell was 
reported to be higher than spores. In addition, the zeta potential of B. licheniformis was 
higher than G. stearothermophilus, and B. sporothermodurans (Jindal, 2017). There was 
an inverse correlation between spores adhesion and zeta potential, as potential can affect 
the attachment behavior.  
 
CONCLUSION 
The objective of this study was to evaluate the role of cell surface hydrophobicity and 
zeta potential on attachment of ultrasonicated spores of Geobacillus stearothermophilus, 
Bacillus licheniformis and Bacillus sporothermodurans on SS surfaces. Bacillus 
licheniformis is the most common spores has been found in the US dairy industries (Hill 
and Smythe, 2012). 
 In this experiment, Bacillus sporothermodurans showed highest attachment on 
SS surfaces, so cleaning the dairy equipment require more effort. These findings could be 
useful in the dairy plant to insure the quality of the milk and milk products. 
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Table 1. Attachment of three different spores on stainless steel surfaces*(Log10 CFU/cm2) 
Organisms First Trial Second Trial Third Trial Mean 
Geobacillus stearothermophilus 3.73 3.75 3.96 3.81±0.07a 
Bacillus licheniformis 4.43 4.59 4.5 4.51±0.045b 
Bacillus sporothermodurns 5.48 5.34 5.44 5.42±0.043c 
*Cavitaion at 80% amplitude for 10 min. 
*Mean ± SE 
Values with different lowercase superscript letters (a-c) within a column are significantly 
different at P value <0.05. 
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 Figure 1. Cell surfaces hydrophobicity of three different spores. 
Values are an average of (9) measurements. 
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Figure 2. Cell surface charge (Zeta potential) of three different aerobic spores. 
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CHAPTER 5 
 
SUMMARY AND CONCLUSIONS 
 
The present investigation provide valuable information about the effect of 
ultrasonication on biofilm forming ability of three common dairy spore formers, 
endospore attachment along with zeta potential and hydrophobicity of three common 
sporeformers Geobacillus stearothermophilus (ATCCâ15952), Bacillus licheniformis 
(ATCCâ 6634), and Bacillus sporothermodurans (DSM 10599).  
The main objective of this project was to evaluated biofilm forming ability of 
common dairy spore formers after ultrasonication on stainless steel coupons. Significant 
reductions in the number of spore formers was observed after treating spiked skim milk 
samples with ultrasonication. Biofilms were developed post-ultrasonication, under static 
conditions for 72 h. This study helped to conclude that ultrasonication technology 
resulted in overall inactivation of bacterial sporeformers in skim milk. It affected the 
vegetative cells and reduced overall biofilm formation. When samples were treated for 
10min at 80% amplitude, the sporeformers counts got reduced significantly to lower log 
counts for all the three organisms compared to control trials. Among the three organisms 
tested, Geobacillus stearothermophilus formed the least biofilms. Ultrasonication was 
found as an effective technique to inactivate heat resistance bacteria but if it is combined 
with heat treatment such as pasteurization its effectiveness would be enhanced. The 
results from this study support the hypothesis that the cavitated sporeformers would form 
lower biofilms. Scanning micrographs of the sporeformers exposed to cavitation showed 
cell morphology changes after the ultrasonication process. Ultrasonication made some 
changes in the morphology of the cells, which were observed clearly under the scanning 
	 94	
electron microscope as short and disintegrated cells. The outcome of this study thus 
provides a possible application such as ultrasonication to inactivate bacterial 
sporeformers in skim milk. The result may be useful for future research to understand the 
effect of ultrasonication on other thermoduric bacteria. 
Also, the post-ultrasonication recovery of injured cell was studied. Skim milk was 
inoculated with same bacteria that were used in the first objective and treated by 
ultrasonication using the same parameters. Holding the milk after cavitation for more 
than 4 hours leads the injured bacteria to recover and return back to the normalcy. Among 
the three organisms, Geobacillus stearothermophilus recovered slower and the other two 
bacteria recovered faster. Overall, all injured cells are capable to regain and recover in a 
suitable environment. The potential consequences of the presence of these injured 
bacteria are a concern due to their ability to multiply. The results indicate that milk is an 
excellent medium for most non-heat injured cells for recovery and repair. 
In addition, this project also evaluated the role of cell surface properties such as 
hydrophobicity and zeta potential and their correlation with attachment of ultrasonicated 
spores. Bacillus licheniformis is well known as the most common spore former that has 
been reported in the US dairy industry. Sterile distilled water was inoculated with 
adequate amount of spores and treated by ultrasonication at the same parameters. In this 
study, Bacillus sporothermodurans endospores showed a higher attachment to SS 
surfaces, so cleaning the dairy equipment may require more effort, if there is a 
predominance of this organism. Spores attachment results were compared with non-
treated spores and it was found that, treated spores showed higher attachment on SS 
	 95	
surfaces, although they showed lower hydrophobicity and lower zeta potential. These 
observations will need to be further validated before concluding the attachment behaviors 
of ultrasonicated spore formers. These findings could be useful for the dairy industry to 
insure the quality of the milk and dairy products.  
 
 
 
 
 
